GT2012-68411

STUDY OF CONVECTIVE FLOW EFFECTS IN ENDWALL CASING TREATMENTS IN
TRANSONIC COMPRESSOR ROTORS

Chunill HAH!, Martin MUELLER? and Heinz-Peter SCHIFFER

INASA Glenn Research Center,
MS 5-11, Cleveland, Ohio 44135
*Technische Universitat Darmstadt
D-64287 Darmstadt, Germany

ABSTRACT

The unsteady convective flow effects in a transonic
compressor rotor with a circumferential-groove casing
treatment are investigated in this paper. Experimeetallts
show that the circumferential-groove casing treatment
increases the compressor stall margin by almost 50%hé
current transonic compressor rotor. Steady flow simatati
of the current casing treatment, however, yields onl$% 1
gain in stall margin. The flow field at near-stall operatis
highly unsteady due to several self-induced flow
phenomena. These include shock oscillation, vortex
shedding at the trailing edge, and interaction between the
passage shock and the tip clearance vortex. The primary
focus of the current investigation is to assess tfextsf of
flow unsteadiness and unsteady flow convection on the
circumferential-groove  casing treatment.  Unsteady
Reynolds-averaged Navier-Stokes (URANS) and Large
Eddy Simulation (LES) techniques were applied in addition
to steady Reynolds-averaged Navier-Stokes (RANS) to
simulate the flow field at near-stall operation and to
determine changes in stall margin. The current investigatio
reveals that unsteady flow effects are as importastesly
flow effects on the performance of the circumferential
grooves casing treatment in extending the stall margiheof
current transonic compressor rotor. The primary wdste
flow mechanism is unsteady flow injection from theayes
into the main flow near the casing. Flows moving iata
out of the grooves are caused due to local pressureeditfer
near the grooves. As the pressure field becomesiéraindue
to self-induced flow oscillation, flow injection from the
grooves also becomes unsteady. The unsteady flow
simulation shows that this unsteady flow injection frime
grooves is substantial and contributes significantly to
extending the compressor stall margin. Unsteady flows into
and out of the grooves have as large a role as steady ith
the circumferential grooves. While the circumferential-

groove casing treatment seems to be a steady flow device,
unsteady flow effects should be included to accuratelysasse
its performance as the flow is transient at neal-stal
operation.

INTRODUCTION

Circumferential-groove casing treatments have been
applied very successfully for certain subsonic and traosoni
compressors. Although it is generally believed that
circumferential-groove casing treatments do extend stall
margins for compressor rotors with tip loaded desidhns,
fundamental flow mechanisms are not fully understood.
Furthermore, the design criteria of the circumferential
grooves are mainly based on loosely connected experimental
data from subsonic compressors. Precise understanding of
the dominant flow mechanisms will result in better and
faster design of casing treatments.

Many studies to investigate casing treatments in
compressors have been reported (Moore et al. [1971Prin
et al. [1974], Paulon and Dehoudt [1982], Smith and
Cumpsty [1985], Fujita and Takata [1985], Lee and Greitzer
[1990], Crook et al. [1993], Hall et al. [1996], Rabe and Hah
[2002], Shabbir and Adamczyk [2004], Chen et al. [2010],
and Mueller et al. [2011]). Paulon and Dehoudt [1982]
conducted a theoretical investigation of the effects of
circumferential-groove casing treatments. Mueller et al
[2007] investigated various circumferential grooves applied
to the rotor in a single-stage transonic compresRarticle
Imaging Velocimetry (PIV) was applied to measure the
detailed steady flow field near and inside circumferential
grooves in an axial transonic compressor stage by Mugtller
al. [2011].

Although significant progress has been made in non-
intrusive measurement techniques, direct measurements of
steady and unsteady velocity components in the tip clearanc
region of high speed turbomachinery are still beyorrdeod



capabilities. Therefore, numerical approaches have been
used to investigate flow mechanisms in the tip clearance
region in high speed compressors. Most previous numerical
studies are based on the steady Renolds-averaged Navier-
Stokes (RANS) approach (Hall et al. [1996], Rabe and Hah
[2002], Mueller et al. [2007], Chen et al. [2010]) It has been
observed that the steady RANS approach calculates some
effects of circumferential grooves on the stall margien
though the flow field itself is unsteady near stall. Howeve
measured increases in stall margin are not well catiedl
with steady RANS.

Previous studies (for example, Prince et al. [1974])
identified the following possible effects of circumferehtia
groove casing treatments on flow near the end wall:

1. Effects on two-dimensional boundary layers near
the blade tip.

2. Effects on tangential velocity and momentum
components of tip clearance flow.

3. Effects on end wall boundary layers.

4. Effects on tip clearance vortex structures.

Previous studies on stall inception (for example, Vo et
al. [2005]) reveal that short length scale stall inicept
occurs when a large flow blockage develops on the pressure
side of the blade near the leading edge causing incoming
flow to spill over to the adjacent blade passage. Mueller
al. [2007] showed that a large portion of this blockage is
created by the tip clearance flow originating between 20%
and 50% of the blade chord. Tip clearance flows origigati
between the leading edge and 20% chord form a tip
clearance core vortex which travels radially inwarbleTip
clearance flows originating from 20% to 50% chord travel
over this tip clearance core vortex to reach thesoresside
of the adjacent blade. This part of the tip clearance flaw
low momentum because it comes from the casing boyndar
layer and the blade suction-surface boundary layet. d?ar
the tip clearance flow near the casing moves into the
grooves. Consequently, the buildup of the induced vortex
and the blockage near the pressure side of the passage is
reduced (Mueller et al. [2007]). Tangential momentum of the
tip clearance flow is also reduced due to the grooves and th
tip clearance vortex stays close to the blade sucima s
These seem to be the main mechanisms of circumferential
grooves in delaying the formation of blockage near the
pressure side of the passage and the onset of short length
scale stall inception.

Steady RANS flow simulations have been able to
replicate some observed effects of circumferential gesov
However, it appears that RANS simulations (Mueller et al.
[2007], Chen et al. [2010], and Van de Wyer et al. [2010]) do
not capture all of the important flow mechanismsttoé
grooves. Previous studies show that RANS simulations do
not calculate measured changes in stall margin reliably.

The present paper investigates the effects of unsteady
flow convection on circumferential-groove casing treaits
using URANS and LES methods. The primary motivat®n i
the fact that circumferential-grooves casing treatmemnés
intended to control compressor flow fields near thenzpat
near-stall operation. The inclusion of unsteady flowatés
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necessary because the flow field near the casingaatstall
operation is highly transient due to self-induced flow
oscillation.

TEST ROTOR WITH CIRCUMFERENTIAL-GROOVE
CASING TREATMENT

Measured data from an axial, single-stage transonic
compressor with a circumferential-groove casing treatmen
are used in the current investigation. The test righat t
University of Darmstadt, Germany has been used tb tes
many different types of casing treatments using thetlates
measurement techniques for compressor flow research.

The design parameters of the high-speed test rig
represent the front stage of a typical commercial HR®
rig has been built for validation of design tools andDCF
codes. It also functions as an experimental test hedelw
materials and manufacturing methods such as blisks and
CRP. The test facility operates in an open circuit; ianttair
is sucked into a settling chamber and through a calibrated
bell mouth into the stage. Due to the length of the et
and the small volume established at the stage ositidit,can
occur but surge cannot.

The rotor used for all measurements presented hesein i
the Darmstadt Rotor-1 titanium blisk with 16 radially
stacked CDA-profiles. Figure 1 shows the cross seation
the single-stage axial compressor.

Figure 1: Cross section of transonic compressor stage.

Details of the test rotor and the groove configuration
are given by Mueller et al. [2007]. Many different casing
inserts were manufactured, each with a unique configuration
of grooves. For the current study, the flow field with 6plee
grooves shown in Figure 2 is examined in detail. The
grooves begin at 15.25% of the projected axial chord
downstream of the leading edge with the groove depth of 12
mm and aspect ratio of 3. Probes inside the settling lohiam
are employed to identify the inlet flow conditions. Faite
flow measurements, pressure and temperature rakes are
mounted on the struts behind the stator. They are equipped
with eleven radial sensors each. Therefore, all experiah
results are related to the whole stage. Static wablgure at
the hub and tip is measured at the same axial positithreas
rakes.
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Figure 2: Compressor rotor with six deep grooves and
instrumentation for the wall pressure measurement.

NUMERICAL APPROACHES AND CFD GRID

The steady RANS, URANS and LES approaches were
applied to obtain steady and unsteady flow fields at various
operating conditions and to determine the operating rahge o
the compressor rotor at design speed. The primary fotus
the numerical analysis was to explain the flow mechanisms
associated with the circumferential-groove casing rineat.
Therefore, the isolated rotor configuration with
circumferential grooves was analyzed numerically. The
current compressor stage has a relatively large space
between the rotor and the stator ( 40 % of rotoalactord
at mid-span), and the upstream influence of the sthber f
field on the rotor flow field is believed to be relay
minor. The URANS solutions were used to obtain
instantaneous flow structures at near-stall operation. A
modified two-equation turbulence model was used for
turbulence closure in the RANS and URANS methods. LES
was applied to see if any additional changes in operating
range occur with a more realistic description of the tip
clearance vortex at near-stall operation (Hah et al. [2010

In the current study, the governing equations are solved
with a pressure-based implicit method using a fully
conservative control volume approach. A third-order
accurate interpolation scheme is used for the discrietizat
of convection terms and central differencing is used for the
diffusion terms. The method is of second-order accuracy
with smoothly varying grids. For the time-dependent terms,
an implicit second-order scheme is used and a number of
sub-iterations are performed at each time step. Dethilse
RANS method, turbulence closure, and applications to
transonic flows are given by Hah and Wennerstrom [1990].

The computational grid for a single blade passage
consists of 98 nodes in the blade-to-blade direction, 106
nodes in the spanwise direction, and 460 nobteghe
streamwise direction. The inflow boundary is located 6
average blade heights upstream of the rotor leading edge,
and the outflow boundary is located 6 blade heights fiam
trailing edge. The rotor tip clearance geometry is acelyrat
represented by 18 nodes in the blade-to-blade direction, 16
nodes in the spanwise direction, and 340 nodes in the
streamwise direction. The circumferential grooves were
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modeled in a separated block. Each groove is represented by
98 nodes in the circumferential direction and 20 nodesean th
radial and axial directions. The I-grid topology is used t
reduce grid skewness, and a single-block grid is used. All
computations were performed with NASAs Columbia super
computer system, which allows parallel computation with up
to 512 processors.

Standard boundary conditions for an isolated rotor were
applied at the boundaries of the computational domain.
Circumferentially averaged static pressure at the gasas
specified to control the mass flow rate. Non-reflegti
boundary conditions were applied at the inlet and the exit
boundaries.

MEASURED AND CALCULATED COMPRESSOR
ROTOR OPERATING RANGES

Figure 3 compares changes in pressure rise and
isentropic efficiency at design speed due to the casing
treatment with six circumferential grooves from
measurements, RANS, URANS, and LES. Measured flow
characteristics show that the operating range ineschy
almost 50% with the circumferential-groove casing
treatment. In Figure 3, calculated rotor performance is
compared with the measured compressor stage performance.
Isolated rotor performance was not measured due to the
limitation of probe access. Some minor effects ofdtator
on the measured stage pressure rise and stage effi@emcy
estimated. It is believed that the relative effectstloé
circumferential grooves on the changes in stall margin are
not influenced by the presence of the stator.

It is not easy to measure the exact stalling mass fl
rate of a transonic compressor rotor. For this rastightly
different stalling mass flow rates have been observed
experimentally with different measurement techniques. The
currently reported stalling mass flow rate is repeatalbiée
measurement error is estimated to be negligible. el
known that the magnitude and actual shape of the tip
clearance significantly affect the stall margin ofyan
transonic compressor. Previous numerical analyses of this
rotor used an estimated tip gap, which is about 20 % smalle
than the recently measured value. The actual measgpred t
gap is used in the current numerical calculation and the
calculated pressure rise characteristics with the btipugap
are shown in Figure 3.
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Figure 3(a): Total pressure rise at design speed.
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Figure 3(b): Isentropic efficiency at design speed.

Static pressure distributions at the stall limit witie
smooth casing from RANS and from high-response pressu
measurements are compared in Figure 4. The overall flow
field and detailed shock structures are well calculated with
the current numerical approach.
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Figure 4: Comparison of flow structure at near-stall
operation, smooth casing.

For the smooth casing without grooves, steady RANS
calculates a stall mass flow rate somewhat higher tha
measured value, giving a stall margin about 8% smaller than
that from the measurements. As is well known, pecibdof
the flow field across blade passages breaks down as the
compressor rotor operates toward stall. Even at establ
operation before stall, compressor rotors operateh wit
drastically varying flow structure over multiple blade
passages (for example, flow instability, Martz et 20(1]).
Single-passage steady RANS has been widely used to assess
the stall mass flow rate and the stall margin of casgor
rotor even though the flow field is unsteady and non-
periodic at near stall operation. It appears that RANS
calculates a slightly higher stall mass flow rate than
measurements for most reported cases (for another exampl
Chen et al. [2010]). In the current study, single-passage
steady and unsteady flow simulations are applied for both
the smooth wall case and that with the circumferential-
grooves casing treatment. Any possible multi-passage flow
effects at near stall operation are not modeled with th
current approach. For smooth casing, both RANS and
URANS calculate almost identical stall mass flow riatie



this rotor and results with URANS for the smooth casirey
not shown in Figure 3.

Calculated compressor operating ranges with
circumferential grooves from RANS, URANS, and LES are
shown in Figure 3. The calculated stall mass flow vt
steady RANS is much higher than the measured value,
giving an increase in stall margin of 15% with the
circumferential-groove casing treatment, compared to a
measured increase of almost 50%. Previous numerical
investigations (for example, Chen et al. [2010]) show a
similar trend in calculating stall margin increase doe t
circumferential grooves with steady RANS. On the other
hand, unsteady URANS calculates much lower stall mass
flow rates than RANS. URANS simulation predicts almost
33% increase in stall margin, which is much closer to the
measured value. These RANS and URANS simulations were
performed with identical turbulence closures and
computational grids. Therefore, the differences inudated
stall margins and mass flow rates are due to the uhstea
effect of the flow field. In the following sections, teady
flow effects are examined at mass flow rates at witheh
smooth-casing compressor stalls and at which the RANS
simulation with the circumferential-groove casing treatin
stalls.

EFFECTS OF STEADY AND UNSTEADY FLOW
CONVECTION WITH THE CIRCUMFERENTIAL
GROOVE CASING TREATMENT

When the compressor rotor operates near the stall
condition, the flow field becomes highly unsteady dusel
induced flow oscillation. Figure 5 shows axial velocity
distributions from PIV measurements near stall at three
different times (Hah et al. [2010]). Measured changes in
pressure difference across the blade tip section trear
leading edge at near stall operation with smooth casiag ar
shown in Figure 6 (Bergner et al. [2006]). Large changes in
pressure difference in Figure 6 indicate that the flbdfis
highly unsteady and the tip clearance flow is also highly
transitional. The circumferential-groove casing et is
designed to delay further deterioration of the flow fiehd a
to extend the stable operating range. To study why the
URANS simulation with circumferential grooves calculates
a lower stall mass flow than the RANS simulatiorshewn
in Figure 3, calculated flow fields at the mass flonerat
where the smooth-casing RANS simulation stalls are
examined in detail.

Calculated axial velocity distributions just downstream
of the blade trailing edge from RANS with the smooth
casing, RANS with circumferential grooves (CG), and
URANS with CG are compared in Figure 7. All the velgpcit
units are meters per second. The results of URANS iar&ig
7 are from the time-averaged solution. The axial vgloc
distribution in Figure 7 indicates a degree of aerodynam
blockage in the blade passage. The comparison in Figure 7
clearly shows that overall blockage is reduced with the CG
casing treatment. Furthermore, blockage from URANS with
the CG treatment is smaller than that from RANS with the
CG treatment. The difference in blockage between URANS
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and RANS with the CG treatment represents the effetcts
unsteady flow convection in the CG casing treatmené Th
difference in blockage between RANS with the smooth
casing and RANS with the CG treatment represents the
effects of steady flow convection in the CG casing tneat.

i s
it hsiiiiics

Figure 5: Changes in axial velocity at three differemes
from PIV measurement (Hah et al. [2010]).



low pressure
difference
40 J @ppears too

often
20 4 \

0 LI I R L
-20 0 20 40 60 80

pressure [kPa]

number of occurrence

location of
pressure difference

Figure 6: Changes in pressure difference across blade ti
near-stall operation.
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Figure 7: Axial velocity contours just downstream ofling
edge at smooth-wall stall mass flow rate.

Calculated flow structures at the blade tip are compared
using static pressure distributions from RANS and time-
averaged URANS, both with the CG treatment, in Figure 8
In the URANS simulation, the tip clearance vortex stays
closer to the blade suction side, which further indisdess
blockage accumulation in the blade passage especially near
the pressure side of the blade.

w 140000

W 54047

CGRANS

140000

i B 5047

CG URANS

Figure 8: Static pressure distributions at casing with CG
treatment from RANS and URANS at smooth-wall stall
mass flow rate.

Figure 9 compares changes in RMS static pressure at
the casing due to the CG casing treatment betweeneKulit
measurements and the unsteady simulation. The
measurements show that areas with very high RMS values
near the pressure side of the leading edge and the
shock/clearance vortex interaction area are removethdy
CG casing treatment. Although the absolute levels ofSRM
pressure are not calculated exactly, the effects obE€@e
unsteady pressure field are very well represented by the
numerical simulation. This comparison in Figure 9 intlisa
that the current unsteady simulations do capture thermajo



unsteady flow phenomena fairly well for engineering
applications.
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Figure 9: Comparison of RMS static wall pressure aitd
without CG at smooth-wall stall flow rate.

To examine flow convection into and out of the grooves,
steady and unsteady radial flows near the casing are
investigated using the calculated flow field and available
measured data. Radial velocity component contours at
92.5% span from PIV measurements and the time-averaged
URANS solution are compared in Figure 10. Calculated
radial velocity at this span agrees fairly well with fhg/
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measurements considering the complexity of the flow field
and related uncertainties both in measurement and
calculation. One interesting feature is that the nmesmbs
radial velocity near the suction side of the blade points
radially outward even though radially inward flow is
expected near the grooves due to low pressure near the
suction surface. The radially outward flow at thisaltion
might be due to the interaction with the tip clearavaex

at this location.

PIV measurement

Zero radial velocity

m 200.000

B _200.000

Calculation

Figure 10: Comparison of radial velocity at 92.5% spah wi
CG treatment at smooth-wall stall mass flow rate.

Calculated radial velocity contours at the blade ti499
span) are given in Figurell. The results in Figure 1Tlglea
show radially inward velocity near the suction surface
expected due to CG effects. Results in Figures 10 and 11
reaffirm the need to measure flows close to thengaand
rotor tip.



Radial velocity contours at the inlet of the CG areegiv
in Figure 12 from RANS and time-averaged URANS. Both
solutions exhibit about 2.4% of the main flow going thitoug
the grooves and the distributions are very similar.

Figure 11: Calculated radial velocity at 99% span with CG
treatment at smooth-wall stall mass flow rate.
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/ M _200
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i
Liﬁ
// m 200
M 500
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Figure 12: Comparison of radial velocity contours at th
inlet of grooves, smooth-wall stall mass flow rate.
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RMS values of radial velocity at the blade tip settio
from URANS are shown in Figure 13. The maximum RMS
radial velocity is 25% of the calculated time-averagedial
velocity, which implies substantial unsteady flow inijec
from the grooves into the main flow near the casifige
results in Figure 13 show that unsteady radial veloaty
high along the path of the tip clearance vortex as ézgdec
High RMS values are also observed below the last groove
located near the trailing edge. This high RMS leveldattis
grooves located near the trailing edge might make a
significant contribution in stabilizing the flow fieldhrough
unsteady convection effects, which could not be explained
with the steady RANS simulation (Rabe and Hah [2002]).
This unsteady flow injection from the grooves is congde
to be the main mechanism of unsteady flow convection o
the CG casing treatment.

Figure 13: RMS value of radial velocity from URANS at
rotor tip, smooth wall stall mass flow rate.

A recent experimental study to extend compressor stall
margin by flow injection from the casing shows undiea
injection is much more effective than steady injectioim(
et al. [2011]). CG casing treatment may appear to be a
steady flow device. However, flow unsteadiness at rtedir-s
operation makes it an effective flow control device zitilg
unsteady flows. The effects of unsteady flow convection in
CG casing treatments is further examined in the follgwin
section by comparing flow fields calculated at the flow rate
where the RANS simulation with CG treatment stalls.



EFFECTS OF UNSTEADY FLOW INJECTION WITH
THE CIRCUMFERENTIAL-GROOVE CASING
TREATMENT

As shown in Figure 3, the RANS calculation yields a
much higher stall mass flow than measurements for tioe ro
with CG casing treatment (point 4 in Figure 3). On theeot
hand, URANS and LES calculate lower stall mass flows
than that from RANS, and hence larger improvements in
stall margin.

Figure 14 compares axial velocity contours just
downstream of the blade trailing edge from RANS and
URANS. The results in Figure 14 again show that
aerodynamic blockage from time-averaged URANS is less
than that from RANS with the CG treatment. Again, the
RANS and URANS simulations use the same computational
grid and turbulence closure. Therefore, the difference i
blockage in Figure 14 is due to unsteady effects.

m 200

~ RANS
||

URANS

Figure 14: Comparison of axial velocity contours
downstream of the trailing edge at a mass flow rate8#@.
where RANS with CG stalls.

To examine detailed unsteady flow structures at this
flow condition, LES simulations were also performed.
Previous studies (for example, Hah et al [2010]) indidzé t
LES captures unsteady tip vortex characteristics muate mo
realistically than URANS. This is due to the fact thae t
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calculated flow field from URANS has more viscous
diffusion due to the single scale turbulence model

Radial velocity contours at the entrance of the CG are
compared in Figure 15 from RANS and LES. The total mass
going through the grooves from steady RANS is 2.4% while
that from time-averaged URANS is 2.48 % and time-
averaged LES is 2.5%.

RMS values of radial velocity from the LES simulation
are given in Figure 16. The maximum RMS radial velocity
from LES is almost 30% of the maximum mean radial
velocity at this mass flow rate.

/ RANS

"v m 200
/

/ H_500

l! LES

Figure 15: Comparison of radial velocity contours at th
entrance of CG at mass flow rate of 0.826.



Figure 16: RMS values of radial velocity at the entrance
plane of CG from LES at mass flow rate of 0.826.

A time history of axial momentum injection at the
entrance of the grooves (marked as A and B in Figuresl4) i
given in Figure 17. The momentum is non-dimensionalized

by the averaged inlet axial momentum as per Chen et al.
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Figure 17: Unsteady injection of axial momentum from
grooves at two locations at mass flow rate of 0.826.
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FFT results of radial velocity at location A are givan
Figure 18. A strong frequency of about one third of BPF is
observed. FFT results of static pressure near bladeosucti
surface at the rotor tip leading edge with smooth gaaie
given in Figure 19. The frequency in Figure 19 represents
the frequency of tip clearance vortex oscillation. Fds th
transonic rotor, the characteristic frequency of the ti
clearance vortex oscillation is very similar to thatvortex
shedding. Results in Figures 18 and 19 show that unsteady
flow injection has the same frequency as the tip clearan
vortex oscillation. Results shown in Figures 14 through 17
indicate that unsteady flow injection from the
circumferential grooves is a major mechanism in extend
the flow range. Results in Figure 3 show that unsteady
effects are of similar magnitude as steady effects

0.0

. Unsteady injection frequency

e

r2.0

F.0 h

l\
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Figure 18: Spectrum of radial velocity at inlet of tirstf
groove
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Tip clearance vortex  oscillatic
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r.0
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Figure 19: Spectrum of wall pressure near suction sairfac
leading edge with smooth wall



CONCLUDING REMARKS

The effects of steady and unsteady flow convection in a
circumferential-groove casing treatment are studied is thi
paper. The primary motivation is that steady flow simaiat
of CG casing treatment does not capture measured stall
margin improvements even when various limitations of a
single-passage stall calculation are considered. The CG
casing treatment is primarily intended to affect tlevffield
at near-stall operation, when the flow field is higtransient
due to self-induced flow oscillation. Detailed examination of
the numerical simulation of the flow fields with and wittho
casing grooves reveals following:

1. Unsteady flow injection is the major flow mechanism of
the CG casing treatment to stabilize the flow fieldme
stall. RMS values of radial velocity into and out of th
grooves are as high as 30% of the average value.

2. The unsteady flow injection has the same characteristi
frequency as the tip clearance vortex oscillation.

3. The unsteady convective flow effects are of the same
order of magnitude as the steady convective flow
effects.

Further understanding of unsteady convective flow effects
might lead to the design of advanced casing treatment
devices in the future.
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